In this study, the dissolution rate of SiN x coatings was investigated as a function of coating composition, in comparison to a cobalt chromium molybdenum alloy (CoCrMo) reference. SiN x coatings with N/Si ratios of 0.3, 0.8 and 1.1 were investigated. Electrochemical measurements were complemented with solution (inductively coupled plasma techniques) and surface analysis (vertical scanning interferometry and x-ray photoelectron spectroscopy). The dissolution rate of the SiN x coatings was evaluated to 0.2-1.4 nm/day, with a trend of lower dissolution rate with higher N/Si atomic ratio in the coating. The dissolution rates of the coatings were similar to or lower than that of CoCrMo (0.7-1.2 nm/day). The highest nitrogen containing coating showed mainly Si-N bonds in the bulk as well as at the surface and in the dissolution area. The lower nitrogen containing coatings showed Si-N and/or Si-Si bonds in the bulk and an increased formation of Si-O bonds at the surface as well as in the dissolution area. The SiN x coatings reduced the metal ion release from the substrate. The possibility to tune the dissolution rate and the ability to prevent release of metal ions encourage further studies on SiN x coatings for joint replacements.
Introduction
Whilst some modern total hip replacements have a high success rate of 97.8% after 10 years [1] , there is an increasing demand for longevity connected to an increasing use in a younger population, more active lifestyles in the patient group and high life expectancy. The failures in the short term (b3 years) are often related to fracture, dislocation or infection, whereas in the long term (N5 years) osteolysis and loosening are the most common reasons for revision [1] [2] [3] [4] .
Implant design and material combinations have a strong effect on the outcome [1] [2] [3] [4] . A common material couple in hip joint replacements is a metal femoral head with an ultra-high molecular weight polyethylene (UHMWPE) cup. The wear debris of UHMWPE has been linked to osteolysis and implant loosening [5] . However, a younger generation of the highly cross-linked UHMWPE (HXLPE) has shown similar type of wear debris but lower wear rates, thereby reducing the negative biological response [6, 7] . The clinical results so far are promising [1, 3, 4] . Alternatively, for cobalt chromium molybdenum alloys (CoCrMo), commonly used in joint replacements, failure modes are linked to the corrosion products and metal ions, especially when coupled with another CoCrMo surface, where hypersensitivity, metallosis and pseudotumours have been reported [8, 9] . For ceramic materials, commonly zirconia-toughened alumina, failures have been linked to their mechanical properties. Reported limitations have included fractures related to the brittle behaviour, chipping on insertion and mal-positioning, and squeaking due to stickslip phenomena [10] .
Silicon nitride materials were introduced to orthopaedics less than 10 years ago [11] , and the first silicon nitride femoral head was implanted 2011 [12] . Advantages of silicon nitride are mainly its high wear resistance [13] , its ability to slowly dissolve in aqueous solutions [14] [15] [16] , its biocompatibility and bacteriostatic properties [17] [18] [19] [20] [21] . The ability of silicon nitride wear debris to dissolve in aqueous environments may potentially limit any negative biological reactions and thus increase the longevity of the implants. As an alternative to bulk silicon nitride, this study considers silicon nitride (SiN x ) coatings [22] [23] [24] that possess the above-mentioned potential advantages. Moreover, SiN x coatings on a metal offer a possibility to retain the benefit of a ductile bulk material and possibly avoid the risk of catastrophic fracture, which has been a concern for ceramics.
Ideally, the dissolution rate should be a compromise between a relatively quick dissolution of the wear debris and a long-lasting coating. A high dissolution rate of the wear debris may reduce the risk of negative biological reactions or third body abrasion, whereas the coating service life is enhanced by a slow dissolution rate. Additionally, the coatings are believed to act as a barrier and reduce metal ion release.
These coatings could potentially be employed in tribological contacts, such as on joint bearing surfaces and modular taper junctions. While CoCrMo is commonly used for joint bearing surfaces such as hip heads, titanium based alloys are commonly used where wear resistance is not decisive and osseointegration is a priority, e.g. in the femoral stem. Taking into consideration also the health concerns related to ion and particle release from CoCrMo alloys in malfunctioning prostheses, CoCrMo was chosen as substrate as well as control material for the current study.
The main aim of this study was to quantify the dissolution rate of SiN x coatings. This was done as a function of the N/Si ratio, which has previously been shown to affect the mechanical properties of the coatings [25] . A second aim of the study was to evaluate whether SiN x coatings deposited on CoCrMo could reduce the release of metal ions into the surroundings. The coatings were tested in a static environment, without any mechanical loading, and compared to CoCrMo.
Materials and methods
Custom-made holders were produced to study the materials in contact with simulated body fluid over 60 days. Electrochemical monitoring was applied throughout the test, and solution and surface analysis were performed upon test completion.
Materials and test solution
Four types of SiN x coatings were deposited by reactive high power impulse magnetron sputtering (HiPIMS, CemeCon CC800/9 ML, Germany) on CoCrMo substrates, polished to a roughness of 11 ± 2 nm. The deposition parameters are displayed in Table 1 . The coating thickness ranged between 7.0 to 7.5 μm. One type of coating, referred to as a standard coating, was based on the deposition parameters from previously investigated SiN(1/−/l) (deposited at 1 kW with a 'low' deposition temperature of 110°C) [23] . These dense coatings typically contain low amounts of oxygen and argon (b 5 at.%), are x-ray amorphous and display only a short range ordering in TEM [23] . This standard coating, SiN 0.8(std) , was evaluated for time dependence and thus stopped at dissolution durations of 3, 11, 30 and 60 days. For these measurements two coated samples per time point were assessed. Three more coatings with different nitrogen contents referred to as SiN 0.3 , Si 0.8 , and SiN 1.1 , were considered for the entire time range of 60 days. Here, one sample per coating type was measured. Two uncoated CoCrMo samples served as the reference material. The reference and substrate (upon which the coatings were deposited) material was low carbon wrought CoCrMo (ASTM F 1537, Peter Brehm, Germany) with the following composition in wt.%: Co (bal.), Cr (26) (27) (28) (29) (30) , Mo (5-7), Ni (b1), Si (b 1), Mg (b1), Fe(b0.75), N (b0.25) and C (b 0.14). The average surface roughness prior to testing was determined using vertical scanning interferometry (VSI, Wyko NT-1100, Vecco, USA) and a 10× objective evaluating an area of 450 μm by 590 μm. Five samples, with five areas per sample, were evaluated for surface roughness and are summarized in Table 1 .
Each sample was placed at the bottom of a custom made polyoximethylene holder and connected as working electrode (WE) as shown in Fig. 1 , and incubated in a 37°C oven for the test duration. Three separate wells were created on each sample (see Fig. 1a ), each with a diameter of 8 mm and a height of 80 mm. Each well was filled with 4 ml of a simulated body fluid. The fluid was made from 25 vol.% foetal bovine serum solution (FBS, Sera Laboratories International Ltd., West Sussex, UK), diluted in a phosphate buffered saline solution (PBS, Sigma-Aldrich, Co., St. Louis, USA) and 0.03 vol.% sodium azide (GBioscienics, St. Louis, USA). The solution was extracted from the wells every week, and refilled with fresh solution after triple rinsing with deionized water. The solution had an initial pH between 7.4 and 7.7, and was stored at − 20°C before and after testing. In order to avoid metal contamination, any handling of the solutions was done with polymeric utensils.
The customized holder was developed to permit simultaneous dissolution rate measurements at several points for discs coated on one side and to hold a fluid volume similar to the natural joint [26] [27] [28] . The setup proportion between the surface area and solution however does not reflect a full hip prosthesis, as the surface area in the setup was 50 mm 2 , whereas a sphere with 28 mm in diameter, resembling a femoral head, has a surface area of approximately 2500 mm 2 . The same liquid to surface area ratio corresponds to 200 ml fluid to a femoral head. The relatively small area that was used reduces the risk of saturating the solution and enables testing in an earlier stage of material development. In a hypothetically fully static hip more ions would be released due to the larger area. However, the dissolution rate and general trend for the different materials is expected to be assessable in relation to each other.
Corrosion assessment
On the top of each well a folded 100 mm long platinum wire was connected as a counter electrode (CE, PT-02, Web Scientific Ltd. Crewe, UK). An Ag/AgCl reference electrode (RE) was assembled from the top (RE-4, MW-2021, BASi Inc. IN, USA). Each interface between sample, holder, and well was sealed by a rubber gasket. The open circuit potential (OCP) and linear polarisation scans (LPR) were recorded at least three times per week by connecting each well to a potentiostat (PGSTAT101, Metrohm Autolab B.V., Utrecht, Netherlands). LPR were recorded in the range of ±20 mV from the OCP, using a step width of 1 mV at a speed of 1 mV/s. The LPR measurements were used to calculate the resistance to polarisation and the corrosion current according to Stern-Geary [29] . For the CoCrMo reference sample a Tafel constant of 120 mV/decade was assumed [30] . The anodic and cathodic Tafel constants for SiN 0.8(std) were determined from polarisation scans as shown in Fig. 2 . Therefore, β a = + 221 mV/decade and β c = −269 mV/decade was assumed for all SiN x coatings. The corrosion current was used to estimate the anodic mass loss from oxidation by Faradays law. The half-cell reactions assumed in the calculation were: Co → Co 2+ + 2e − (Z = 2) for CoCrMo [31] and Si → Si 4+ + 4e
for SiN x coatings. This, in turn, presumes that no current contribution from other reactions, no change of state, or other reactions in the solution contributes to the current. The total charge was obtained by integration of the corrosion current over the time. The dissolution rate was calculated in nm/day from the corrosion current (I corr ), assuming a density of 9.15 g/cm 3 for CoCrMo [32] , 3.2 g/cm 3 for SiN x coatings [33] , and general homogeneous dissolution across the exposed area. In order to estimate the volume loss of SiN x coatings, only dissolution of Si was assumed to contribute to the corrosion current. Moreover, the 
Solution analysis
Inductively coupled plasma mass spectrometry (ICP-MS, NexION 300d, PerkinElmer, USA) was applied to determine the ion concentration of Co, Cr, and Mo in the solution. Here, the isotopes of Co-59, Cr-52, and Mo-98 were evaluated and In was used as internal standard element. Prior to ICP analysis 0.5 ml of defrosted solutions was diluted 1:10 with deionized water. Results from blank solution measurements were subtracted from the test results to determine a zero concentration at day 0. One time point per week was analysed for the first three weeks of the experiment. The cumulated ion concentration was calculated in μg per well. For each sample of CoCrMo, SiN 0.3 and SiN 1.1 , two wells were analysed. The material densities stated above were used to calculate the dissolution rate in nm/day.
Surface analysis
The dissolution depth, as derived from the step height on the edge of the dissolution area, was determined using vertical scanning interferometry (VSI, Wyko NT-1100, Vecco, USA) with a 2.5× objective from one cleaned dissolution area per sample. The step height was determined by evaluating 18 lines per sample, with a width of 50 μm and a length of~500 μm, applied 90°to the edge of dissolution. Surface appearance and chemistry with a lateral resolution and depth information in the sub-μm range were evaluated using a field-emission gun scanning electron microscope (FEG-SEM), with in-lens detector and secondary electron detector at 10 kV (Merlin, Carl Zeiss Microscopy GmbH, Germany), with integrated energy-dispersive x-ray spectroscopy (EDS, X-Max 80 mm 2 , and Aztec software). The chemical bonding and composition on the outermost nm's was examined using x-ray photoelectron spectroscopy (XPS, Physical Electronics (Phi) Quantum 2000, USA). In order to investigate the chemistry of the bulk, measurements were taken after 10 min sputter cleaning at 1 keV. Core level spectra were analysed using the software XPS Peak after Shirley-type background correction using Gaussian fits for Si2p core level spectra, without further restrictions. The N/Si atomic ratio of SiN x coatings stated in Table 1 was determined using another XPS instrument (Axis Ultra DLD, Kratos Analytical, Manchester, UK). The ratios were obtained from measurements after 2 min sputter cleaning at 2 keV. After subtraction of a Shirley background the compositions were extracted using elemental cross sections provided by Kratos Analytical. Both XPS instruments used a monochromatic Al-Kα source, Ar + ions for sputter cleaning and automatic charge compensation throughout the acquisition.
Results

Electrochemical evaluation
Upon immersion of CoCrMo, the OCP started at −0.3 V and slowly ennobled for the first day as seen in Fig. 3 . After the first week of immersion, variations between 0 and −0.7 V were observed until day 60. The OCP of SiN 0.8(std) started at −0.2 V and decreased during the first days. The OCPs for SiN 0.3 and SiN 0.8 were comparable to SiN 0.8(std) with potentials varying between −0.2 to −0.8 V, and were generally lower than CoCrMo. SiN 1.1 showed comparatively high potential levels, similar to CoCrMo, fluctuating between 0 to − 0.7 V. The median and mean OCPs over 60 days are summarized in Table 2 . The median OCP for CoCr and SiN 1.1 were more noble (− 0.22 to − 0.28 V) than the other SiN x coatings (−0.38 to −0.51 V).
The corrosion current (I corr ) (presented as median and mean values in Table 2 ) was overall stable for 60 days, with the exception of both CoCrMo samples, which showed a one order of magnitude increase in the corrosion current at days 17, 18 and 34. SiN 0.8(std) and SiN 0.8 showed similar corrosion currents of around 9 nA. For SiN 0.3 the corrosion current increased to a median of 25 nA, while the SiN 1.1 remained at approximately 2 nA.
As shown in Fig. 4 , the total charge (Q tot ) passing through CoCrMo samples was 0.40 and 0.46 C after 60 days. CoCrMo samples showed a higher total charge than SiN x coatings. Over the course of 60 days the Q tot of the SiN coatings increased to values of 0.02 and 0.28 C. As a consequence of the peaks in corrosion current, escalations in the total charge were observed for CoCrMo and SiN 0.3 . Disregarding these step increases, an approximately linear increment of the total charge was seen for all samples. The total charge was highest for CoCrMo, followed by SiN 0.3 , then SiN 0.8(std) and SiN 0.8 at a similar total charge and finally SiN 1.1 . The latter showed half the total charge of SiN 0.8(std) and SiN 0.8 . The median and mean increase of the total charge per day (Q) is shown in Table 2 .
The estimated dissolution rate, expressed as nm/day, is shown in Fig.  5 . The dissolution rates extracted from electrochemical measurements are labelled I corr . For the SiN 0.8(std) the dissolution rate increased during the first days starting from 0.2 nm/day to later plateauing around 0.6 nm/day. The peak values of the corrosion current observed for CoCrMo and SiN 0.3 affected the calculated dissolution rate. When including these peak values for CoCrMo, a rate of 4.6 and 5.1 nm/day was obtained over the course of 60 days (not shown in the figure) . If the dissolution rate instead was calculated from the first days (without peaks in the current) the dissolution rates were 0.7 nm/day and 0.8 nm/day. For SiN 0.3 , the dissolution rates were estimated to 2.4 nm/day (including corrosion current peaks) or 0.4 nm/day (excluding corrosion current peaks). The lowest dissolution rate calculated from the corrosion current was for SiN 1.1 at 0.2 nm/day.
Solution analysis
The ion concentration in the solution of Co, Cr, and Mo is shown in Fig. 6 . The cumulated ion concentration of Co, Cr, and Mo in the solution was one to two orders of magnitude higher for CoCrMo compared to the SiN x coated samples. For CoCrMo samples, the relative ion concentration of Co, Cr, and Mo in the solution was 66, 27, and 7 wt.%, respectively, after three weeks. This corresponds to a total Co, Cr and Mo weight of 10 to 11 μg, while SiN 0.3 and SiN 1.1 had losses of 0.1 to 0.2 μg, respectively. The dissolution rate calculated from ICP measurements for CoCrMo was 1.1 and 1.2 nm/day (Fig. 5b) .
Surface analysis
The dissolution depth determined by VSI is summarized in Table 3 . An increased dissolution depth with time was observed. The dissolution depth at day 3 was found to be below the detection limit of VSI measurements. The edge of the dissolution area is In the dissolution area, a layer from the solution had formed on the coatings observed by SEM in Fig. 8 . The layer did not homogeneously cover the surface, but for the specific adsorbed regions, EDS mapping revealed an elemental increase of C, and O (dark in the SEM), and in elements resulting from the solution such as crystals of Na and Cl (larger, bright in SEM), as well as P and Ca (smaller, bright in SEM). A cleaned dissolution area was not possible to differentiate from an original coating surface, i.e. no local dissolution variations were observed.
XPS measurements were performed outside the dissolution area prior and post Ar + sputter cleaning providing information from the surface, and the bulk coating (SiN x ) or bulk metal (CoCrMo). These areas will be denoted 'surface' and 'bulk', respectively. The corresponding XPS results are shown in Figs. 9 and 10. Measurements inside the dissolution area were carried out on the surface layer after testing, denoted 'layer', and after cleaning by rubbing with an ethanol tissue denoted 'dissolution' area. The bulk CoCrMo (measured after sputter clean) XPS survey spectrum, Fig. 9 , contains signals from Co, Cr, Mo, and Fe. The corresponding core level spectra of Co2p, Cr2p, and Mo3d (Mo3d not shown in figure) comprise mainly signals from metallic Co, Cr and Mo bonds. On the surface (prior to sputter cleaning) the survey spectrum of the CoCrMo shows signals from C, O, Co, Cr, and Fe. The corresponding Cr2p and Co2p core level spectra comprise contributions assigned to Co and Cr bond to O and C. The Cr2p core level spectra from the surface, and less intense of the dissolution area showed a peak at~576.8 eV, assigned to either Cr 2 O 3 and/or Cr(OH) 3 [34, 35] . In addition, the Co2p core level spectra from the surface showed a peak assigned to metallic Co bonds. The survey spectrum obtained from the dissolution area showed a presence of O, Cr, C, N, Na, Ca, and traces of Mg and P, where Na, Ca, Mg, and P originated from the PBS. In the survey spectra in Figs. 9 and 11 of the layer that adsorbed from the solution on the dissolution area, C, N, and O were found for both CoCrMo and all SiN x coatings.
The survey spectrum of the bulk SiN x coatings showed signals from Si, N and Ar, exemplified by SiN 0.8(std) in Fig. 10 . The surface and dissolution area contained signals from O, C, Si, N, and Ar. Additionally, Ca was detected in the dissolution area. The core level spectra of Si2p revealed differences between the SiN x coatings. Peak fitting of SiN x coatings showed three main contributions at~103.9 eV,~101.4 eV, and 99.9 eV, assigned to Si-O, Si-N, and Si-Si bonds, respectively [36] [37] [38] [39] . With few bonded N atoms the Si-N peak shifts towards lower binding energies~100.1 eV [40] .
The bulk core level spectra for SiN 0.8(std) comprised two peaks; at 101.5 eV assigned to Si-N bonds, and at 99.8 eV assigned to Si-Si .6) bonds. On the surface and in the dissolution area a third peak can be distinguished at~103.9 eV, assigned to Si-O bonds [41] . The bonding structure for SiN 0.8 was the same as SiN 0.8(std) ; for the bulk a distinct peak at 101.7-101.9 eV (Si-N) was observed, and a less intense contribution at 100.1-100.2 eV (Si-Si). For the surface and in the dissolution area a third peak at 103.7 eV (Si-O) was observed. The bulk core level spectra from the SiN 0.3 coating showed two contributions; a dominant peak at 99.6 eV assigned to Si-Si and a contribution at 100.4 eV assigned to Si-N bonds. On the surface and in the dissolution area a peak at~104 eV appeared, which was assigned to Si-O. The Si2p core level from the bulk, the surface and the dissolution area of SiN 1.1 showed a Si-N peak (~100.5-101.0 eV). The Si2p core level of the dissolution area obtained from SiN 1.1 did not show any clear evidence of Si-O bonds.
Discussion
Based on the results of this study, the chemical components, structures and ions resulting from the two systems of SiN x coatings and CoCrMo in contact with ambient air and the simulated body fluid, are schematically illustrated in Fig. 11 . This study has demonstrated that SiN x coatings deposited by HiPIMS could be an effective method to reduce the release of corrosion products from CoCrMo in a static environment of simulated body fluid.
Electrochemistry and dissolution
The dissolution properties of SiN 0.8(std) and SiN 0.8 were not notably affected by the differences in HiPIMS deposition parameters (substrate temperatures, average target power and pulse frequency). An effect on the dissolution rate was however found for the different N/Si ratios in the coatings. The dissolution rate calculated from the corrosion current and VSI showed decreasing values for increasing N/Si atomic ratios. This may be related to increased amounts of comparatively strong Si-N bonds and suggests that the dissolution rate of SiN x can, to some extent, be tuned by the N content in the coating. For a SiN x coating with a thickness of 7.5 μm, as in this study, and a dissolution rate of 0.4 nm/day (SiN 1.1 ), 50 years would be needed to dissolve the coating entirely in a non-contact static situation. This corresponds to approximately 2 atomic layers per day. The dissolution rate of SiN x coatings was similar to what has been found in vivo for silicon nitride coatings produced by chemical vapour deposition (CVD), which showed dissolution rates between 0.33 to 2.0 nm/day in mice [42] , and 0.2 μm lasted more than a year implanted in a guinea pig (b0.56 nm/day) [43] . The dissolution rate of silicon nitride is higher for strong bases and increased temperatures [14, 15] . Further evaluations using different pH, as well as studies considering the interactions between wear and corrosion are encouraged, as the pH may vary and be acidic for an infected hip [44] .
For CoCrMo a fair agreement was found between the dissolution rates estimated from the corrosion current excluding the peak currents, VSI and ICP (0.7 to 1.2 nm/day). If the peaks in current were included a rate of around 5 nm/day was obtained. Other electrochemical evaluations in the literature for wrought CoCrMo in different FBS concentrations in PBS report dissolution rates between 1 and 10 nm/day [45] , while a study on Co-20Cr-15W-10Ni (ASTM F-90) in Ringer's solution showed a corrosion rate of 0.8 nm/day [46] . The wide range of dissolution rates found in the literature covers the full range seen in this study. As ICP-MS and VSI techniques showed a dissolution rate closer to the results calculated without the current peaks, it was argued that the data excluding the peaks is a closer approximation. Deviations could arise due to measurement error or assumptions connected to the Tafel constants. Several assumptions were made for the estimation of the ionic mass loss from the corrosion current under static conditions; the specific dissolution reactions of Co and Si, Tafel constants, also it is assumed that no other reactions in the solution affected the current. The effect of different Tafel constants on the dissolution rate is assessed in the supplementary information. Nevertheless, dissolution rates extracted from ICP and VSI measurements showed similar values and trends compared to those calculated from the corrosion current when excluding the singularities in the corrosion current (Fig. 5) . Although the results are of the same order of magnitude, the dissolution rates determined from the corrosion current for SiN x coatings were approximately half of what was obtained from VSI. The difference may be related to the assumptions made for the electrochemical calculations mentioned above, or for the VSI a potential overestimation may stem from inhomogeneous dissolution, as only a few hundreds of μm's were considered. However, no indication of inhomogeneous dissolution was observed. The open circuit potential and corrosion current after one to two weeks showed an increasingly irregular behaviour. The current peaks may be induced by local, shorter corrosion events, such as pitting, or (for CoCrMo) intergranular corrosion. However, VSI and SEM provided no evidence for this. As the recording frequency was relatively low, it is reasonable to assume that shorter corrosion events may have occurred between measurements that were not observed in the corrosion current. ICP including the first three weeks, and especially VSI, including the full 60 days, should include the effect that these peaks may have had on the corrosion rate.
Surface and reactions
Inside the dissolution area the dissolution appeared homogenous in VSI and SEM, e.g. no localized dissolution around defects could be distinguished. The adsorbed layer from the solution, seen in SEM in Fig. 8 , did not show full coverage on the surface, although it was observed for all coatings and to a higher extent on CoCrMo samples. Even though chromium oxide/hydroxide on the CoCrMo surface could reduce the dissolution rate [34, 35, 47] , the ion measurements showed a ratio between Co, Cr, and Mo ions (66/22/7 wt.%) that was similar to bulk CoCrMo (58-69/26-30/ 5-7 wt.%) during the first three weeks. The presence of albumin in PBS has previously been found to increase the corrosion rate of CoCrMo [48] .
The bonding structure for SiN x coatings showed a distinct signal from Si-N bonding in the bulk for all coatings except the low nitrogen coating SiN 0.3 where the distinct peak at lower bonding energy on the Si2p core level spectra was assigned to Si-Si bonds, possibly also affected by N as a neighbour. On the surface and in the dissolution area Si-O bond formation was observed for the coatings especially when N/ Si b 1.1. The bonding structure supports the chemical reaction associated with dissolution of silicon nitride in water and in a tribological contact, i.e. Si 3 N 4 + 6H 2 O → 2SiO 2 + 4NH 3 and SiO 2 + 2H 2 O → Si(OH) 4 [14, 15, 49] , even though the results do not clearly show the presence of Si(OH) 4 . Further studies to understand if and to what extent ammonia forms would be of interest. A low concentration of ammonia can naturally form in the body and is processed by the kidney and the liver, however elevated levels of ammonia can be an issue [50] . The higher nitrogen-containing coating (N/Si ≥ 1.1) did not show any evident Si-O bonds on the surface or in the dissolution area, which was most likely related to the stable Si-N bond with a higher binding energy than Si-Si and a higher degree of fully terminated Si-N surface [51] .
In this study, the static dissolution of SiN x coatings and CoCrMo was investigated. It should be noted that if a solution flow or wear would be introduced the mechanisms of mass loss may differ substantially through introduction of e.g. surface oxide removal, disturbances in corrosion mechanisms, presence of wear debris etc. and the present results can only be related to static dissolution conditions. The low number of samples used per group can be considered a limitation to the study. However, the combined values, of e.g. dissolution rates, correlated well with literature, and trends in terms of nitrogen content in relation to dissolution rate corresponded well with trends in chemical bonding.
Conclusions
The dissolution of SiN x coatings in simulated body fluid containing FBS and PBS was investigated over 60 days and compared to CoCrMo. This study illustrated the importance of combining electrochemical measurements with other methods to calculate the dissolution rate in order to be able to fully interpret the results. The following conclusions can be made:
Differences in behaviour between SiN x coatings and CoCrMo alloy:
• Overall the SiN x coatings showed a lower OCP, a lower and more stable corrosion current, and a lower oxidation mass loss than CoCrMo.
• SiN x coatings on CoCrMo reduced the release of metal ions into the solution by two orders of magnitude.
• CoCrMo showed a dissolution rate between 0.7 and 1.2 nm/day, while the SiN x coatings showed dissolution rates between 0.2 and 1.2 nm/day.
Effect of nitrogen content in the coating:
• Increased nitrogen contents in the coating resulted in reduced dissolution rates, down to 0.2 and 0.4 nm/day. • The highest nitrogen containing coating (SiN 1.1 ), showed mainly Si-N bonds in the bulk, at the surface and in the dissolution area.
• The lower nitrogen containing coatings (SiN 0.3 and SiN 0.8 ) showed Si-N and/or Si-Si bonds in the bulk, and an increased formation of Si-O bonds at the surface as well as in the dissolution area.
Effect of time, for SiN x coatings as well as CoCrMo:
• After initial stabilization for the first two weeks the electrochemical system (OCP and I corr ) entered a more fluctuating behaviour until day 60.
• A nearly linear increase in mass loss with time (ionic and calculated from I corr ) was observed for the first 60 days. 
